Dendroctonus
fi-ontaiis Zimm. (southern pine beetle (SPB)) has caused over $900 million in damage to pines in the southern United States between 1960 and 1990 (Price et al.. 1992) . The damage of SPB to loblolly (Pinus tuedu L.), shortleaf (Pinus echinata Mill.), and pitch (Pinus rigida Mill.) pine has long been established (Hopkins. 1899) , however, extensive mapping of SPB infestations has only existed since 1960 (Price and Doggett, 1982) . Early detection of SPB outbreak areas is essential to controlling population increases (Swain and Remion, 198 l) , but the range of SPB is large, SPB have six to eight generations per year, and there is inconsistency in the monitoring methods used to measure SPB populations across its range. Therefore, various models have been developed that attempt to predict SPB outbreak severity across the region (Hansen et al., 1973; Kalkstein, 1973; Michaels. 1984) .
In addition to predicting SPB outbreak areas based on present-day climates, models could be useful for assessing the influence of Wure climate change on SPB populations. One unknown regarding climate change and forest ecosystems involves the effect that chronically warmer air temperature could have on insect populations. For example, a 1 "C increase in average annual air temperature caused a tripling of a principal insect herbivore that feeds on mountain birch (Herms, 1991) . When combined with the potential for increased forest stress resulting from climate change, increased insect populations could seriously reduce forest productivity across the region.
Because the SPB has six to eight generations per year, it is impossible to accurately measure the population at one time across a large geographic area. Instead, we have chosen to predict how average annual SPB populations change given annual environmental change. We have used a process-based forest water use and productivity model called PnET-IIS to assess the potential impact of climate change on average SPB population and southern pine forest growth. The PnET-IIS model has been used before to predict regional scale drainage, soilwater stress (WATSTRS), and forest productivity under historic conditions and for a series of climate change scenarios (McNulty et al., 1994 (McNulty et al., ,1996a (McNulty et al., , 1996b . This research modifies formerly validated predictions by PnET-IIS of forest water use and productivity to estimate factors associated with the regulation of average annual SPB populations, given historic climate data and two climate change scenarios. This type of model could be used to alert forest managers to present areas of heavy SPB infestation or future areas that are susceptible to infestation given changing climate. White (1974) hypothesized that insect performance is favored in stressed plants because consumed tissues have higher nitrogen concentrations, and Rhoades ( 1979) linked increased stress with reduced synthesis of defensive compounds. It has long been recognized that climatic effects, especially drought can weaken host trees and increase SPB populations (Wyman, 1924; Craighead, 1925; St. George, 1930) . Although the relationships between SPB population, climate, and host tree vigor have been studied and refined during the past seventy years, experimental evidence often fails to correlate increased plant stress with increased insect performance (Larsson, 1989) as fast-growing trees may also be at risk to SPB infestation (Hopkins, 1899; Lorio et al., 1988; Lotio and Sommers, 1986; Price et al., 1992) . Manipulations of loblolly pine have also shown that severe water deficits can enhance the success of attacking SPB (Lorio and Hodges, 1977; Lorio et al., 1990) , but these conditions may exceed normal climatic variation (Reeve et al., 1995) . These findings and 450 other studies were summarized by Waring and Cobb ( 1992) in a review of plant interactions between plants and herbivores, and they concluded that climatic stress could have a positive, negative, or negligible influence on the size of insect populations. The apparent discrepancy in correlating plant health, environmental stress, and insect population size arises because the interactions are complex and researchers lack the adequate knowledge of the causes of plant stress that is essential for understanding the nature of plant and insect interactions. For example, pine trees in the southeastern United States grow very rapidly in the spring and early summer but by midsummer, tree growth typically becomes limited by soil-water deficits (Reeve et al., 1995) . This environmental change correspond to an ontogenetic transition in the cambium from the production of earlywood to latewood. The latewood is dominated by vertical resin ducts that function in the synthesis and transport of oleoresin (a mixture of monoterpenes and resin acids that impedes attacking bark beetles but also plays a role in secondary attraction of SPB). Annual variation in climatic conditions influences the timing of seasonal water deficits and the timing of the transition from earlywood to latewood. Measurements of resin flow from standardized wounds to the face of the cambium indicate that spring and early summer is a period of low resin tlow for loblolly pine. The transition to latewood formation is accompanied by an increase in resin flow. probably resulting from the increase in vertical resin ducts and because increased water stress would increase the production of secondary metabolites. A climate that protracts the period of earlywood production in southern pine (e.g., high precipitation in midsummer) favors SPB outbreaks by extending the time when trees are more easily colonized. To better predict the effects of SPB on forest function and changes in SPB populations size, improved physiologically based forest-process models are needed.
Factors Affecting Southern Pine Beetle Population

Modeling Southern Pine Beetle Populations
Many insect population models have attempted to correlate outbreaks of SPB with climatic conditions, including principle component analysis (Michaels, 1984; Michaels et al., 1986 ) but have had limited success (Hansen et al., 1973; Kalkstein, 1974) . One reason for the lack of success in relating SPB activity to climate may be that other factors (e.g., oleoresin production, prior years' SPB population, growth and differentiation balance relationships) that are needed to predict SPB population changes are often not included in predictive models (Martinat, 1987) . For example, Michaeis et al., ( 1986) developed a model (SPBCMP) that incorporates climate and site-specific volume and growth data into predictions of future SPB population size. Although this model has many biological controls that have been cited as factors regulating SPB population size, the model makes many assumptions about forest processes that could be better simulated using a forest process model such as PnET-IIS. A better estimate of forest function would improve a model's ability to accurately predict changes in the average annual SPB population size.
Original PnET-IIS Model Structure and Predictive Outputs
To predict and project average annual SPB populations we used PnET-IIS ( McNulty et al., 1994 , 1996a , 1996b , a monthly time-step model, which is a derivation of the PnET-II model developed by Aber and Federer ( 1992) and Aber et al., (1995) for predicting forest water use and productivity. The PnET-IIS model has been modified to run for pine forests across the southern United States. The model uses site-specific, soil-water-holding capacity, four monthly climate parameters (i.e., minimum and maximum air temperature, total precipitation, and solar radiation) and species-specific process coefficients to predict evapotranspiration (ET), water drainage, soil water stress (WATSTRS), and net primary productivity (NPP) from the stand level (< one hectare (ha)) to a 0.5" x 0.5" grid ceil resolution (approximately 50 x 75 km) across the southern United States (McNulty et al.. 1994 (McNulty et al.. , 1996b .
Leaf area is a major component in calculating NPP, plant-water use and soilwater stress. The PnET-IIS model assumes that all stands are fully stocked and that leaf area is equal to the maximum amount of foliage that can be supported by soil. climate, and vegetative conditions. Predicted NPP is total gross photosynthesis minus growth respiration and maintenance respiration for leaf, wood, and root compartments. The model calculates respiration as a function of the present and prior month's minimum and maximum air temperature. The optimum temperature for loblolly pine net photosynthesis varies from 23 to 27 "C, and the maximum air temperature for gross photosynthesis ranges from 30 to 43 "C (Strain et al., 1976) . As temperature increases beyond the optimum photosynthetic temperature, the respiration rate increases while gross photosynthesis increases slightly or decreases, so that a proportionally reduced amount of net carbon per unit leaf area is fixed (Kramer, 1980) . Total gross photosynthesis is a function of gross photosynthesis per unit leaf area and total leaf area. Changes in water availability and plant-water demand place limitations on the amount of leaf area produced. When vapor pressure is deficient and air temperature increases, leaf area and total gross photosynthesis decrease.
Annual transpiration is calculated from a maximum potential transpiration that is modified by plant-water demand (a function of gross photosynthesis and water use efficiency (WUE)). Interception water loss is a function of leaf area and total precipitation; in closed canopy stands, interception water loss is approximately 15% of total precipitation. Evapotranspiration is equal to transpiration and interception loss, and drainage is calculated as water in excess of ET and soil-waterholding capacity (SWHC). Plant-water demand is dependent on monthly precipitation and water stored in the soil profile. If precipitation inputs exceed plantwater demand, the soil is first recharged to the SWHC, and if water is still available, it is output as drainage. Monthly drainage values are summed to provide an estimate of annual water outflow. Present-year growing season (April to September) soil water stress (WATSTRSO) equals 0.15 + (1 -(average growing season soil water/SWHC). Average growing-season soil water equals the sum of monthly calculated growing-season soil water that is < SWHC, divided by the number of months in the growing season. Theoretically, soil water stress could range from 0. I5 (no water stress) to 1. I5 (maximum potential water stress); and has a minimum value 0.15, as opposed to 0, to reflect approximate percentage of hygroscopic water present in southern clay soils that cannot be removed by plant roots (Pritchett, 1979) . Therefore, if no precipitation occurred during the growing season, soil water stress would be 1.15. Across the southern United States, average annual WATSTRS range between 0.15 and 0.50.
At a prior date, PnET-IIS model predictions of water use and productivity have been validated across the southern United States. Stream-gauge stations represent an integration of water yield across a region. Predictions of drainage across the southern United States by PnET-IIS were well correlated with average US Geological Survey measured discharge from 1951 to 1980 (R2 = 0.66, P < 0.00001, n = 502) (McNulty et al., 1996a) . Predicted NPP was also well correlated with measured average annual basal area growth in twelve sites located from Texas to Virginia (R' = 0.67. P = 0.005, n = 12) (McNulty et al., 1996a) .
Southern Pine Beetle Population Modeling Using PnET-11s
Although many researchers have attempted to relate climatic factors with tree stress and SPB population change. most have had little success, However, oleoresin production has been linked with the failure rate of SPB to colonize host trees and, hence, is a partial controller of average annual SPB population size (Lorio, 1986; Reeve et al., 1995) . Factors that regulate oleoresin production (i.e., soil water stress and photosynthesis) should, therefore, also partially affect SPB population size. In addition to tree stress, SPB population size is quasicyclic (Turchin et al.. 1991) therefore the size of the prior year's SPB population is also an important factor in deciding the size of the present year's SPB population. These three factors (soil water stress, photosynthesis, and the prior year's SPB population) all influence the present year's SPB population and will be discussed in later sections.
The PnET-IIS is primarily a regional scale, forest-process model, and the model is not designed to predict some parameters that are important in forecasting SPB at the stand level. For example, PnET-IIS simulates stand growth from time zero to a point of canopy closure. Canopy closure and model equilabration requires approximately ten years of data. No provision is made for stand age or stand stocking because it would be impractical to input this information into the model on a regional scale. However, both stand stocking and forest age are important controllers of SPB infestation rates.
Soil Water Stress
Total oleoresin production is partially a function of plant-growth-differentiation balance, which is related to soil water stress. The principle of growth-differentiation balance asserts that tissue growth is negatively associated with tissue differentiation when the two processes compete for the same pool of carbohydrates (Loomis, 1932 (Loomis, , 1953 Lorio, 1986 Lorio, , 1988 Herms and Mattson, 1992) . Plants with a surplus of carbohydrates beyond that which can be invested in growth because of such limitations as soil water stress, invest proportionally more carbon in differentiation of such secondary compounds as oleoresin, which would be detrimental to such insect herbivores as the SPB. Conversely, plants limited in carbon supply invest less carbon into growth or differentiation processes. Plants with a high allocation to differentiation should have low concentrations of water and protein, but high concentrations of such secondary metabolites as oleoresin (Herms and Mattson, 1992) .
Oleoresin production and growth-differentiation balance can be modeled using an inverse hyperbolic function of soil water stress (Reeve et al., 1995) . In southern pines, although growth processes decline during moderate soil-water deficits, the production of secondary compounds tends to increase. When soil water stress is low. more of the photosynthate is devoted to tree growth compared to oleoresin production. Conversely, when soil water stress is very high (i.e., extreme drought) the production of photosynthates will be low because stomates remain closed and total photosynthate and oleoresin production remains low. Therefore, during periods of moderate water stress, pines may be less susceptible to SPB attack than during periods of either very low or high water stress. The PnET-IIS model uses an inverse hyperbolic function of soil water stress factor (WATSTRSE4C) to simulate the effect of soil water stress on oleoresin production (Figure 33 .1). When soil water stress was either low or high, oleoresin production was low and WATSTRSFAC > 1 .O; when soil water stress was moderate, oleoresin production was maximized and WATSTRSFAC 2 1.0. The relationship between oleoresin production and the probability of SPB colonization is expressed as the effect that present-year oleoresin production (WATSTRFACO) would have on present-year Figure 33.1. The influence of soil-water stress (WATSTRS) on oleoresin production is represented by an inverse hyperbolic function, and is expressed as a southern pine beetle population multiplication factor (WATSTRSFAC). Maximum oleoresin production and the maximum reduction in the WASTRSFAC (WASTRSFAC = 0.5) occurs under conditions of moderate soil water stress. Extreme water stress or extreme water excess reduces oleoresin production and increases the WASTRSFAC (WASTRSFAC > I .O). Under historic conditions, the ecosystem predicted moderately severe water stress and WASTRSFAC = 1.0. Both the Oregon State University (OSU) and United Kingdom Meteorological Office (UKMO) caused a predicted decrease in regional soil water stress resulting from a reduction in total leaf area and a decrease in plant-water demand across the southern United States.
average SPB population size (SPBPOPO 
Photosynthesis
The rate of plant photosynthesis also affects oleoresin production (Reeve et al., 1995) . Although related to soil water stress, photosynthesis is also a function ofair temperature and species type. Across the region, predicted average historic annual NPP is approximately 12 t ha -i year-1 (McNulty et al., 1996b) . If NPP were the only factor controlling oleoresin production, rapidly growing trees should have lower oleoresin production and higher incidence of SPB infestation compared to slower-growing trees. When rates of photosynthesis are low, little carbohydrate is available for growth or production of secondary compounds and when photosynthesis is high much more carbohydrate is available, but proportionally less of the carbohydrate may be allocated for secondary compounds (Reeve et al., 1995) . Finally, when photosynthetic rates are moderate, much of the photosynthate that is being produced is devoted to such secondary compound production as oleoresin (Ayres, 1995) . For this model, NPP will be used as an indicator of changes in photosynthesis and total photosynthate production. Similar to soil water stress, net primary productivity factor (NPPFAC) represents the inverse hyperbolic tinction between NPP, oleoresin production, and average annual SPB population size. which is related using changes in the SPB population size multiplication fraction (Figure 33 .2). Present-year NPP > 10 t ha-i year-' or < 8 t ha-I year-I has a NPPFAC >l, while NPP < 10 t ha-' year-l and > 8 t ha-' year-' has a NPPFAC < 1.0.
Prior Year's Southern Pine Beetle Population Size
No matter how idyllic environmental and plant conditions are for the reproduction of SPB, outbreaks of SPB cannot occur without a pre-existing SPB population. Additionally, the larger the size of the present SPB population, the greater the potential to colonize new areas and thus increase the size of the future SPB population further. Conversely, however, under these same conditions, natural SPB enemy populations could also build up, and therefore reduce the SPB population. A relative measure of the prior year's average SPB population is the final equation factor used to calculate a relative measure of the present year's average SPB population. Population data can either be collected from the agencies that monitor SPB numbers or if multiple years of prediction are needed, prior years' predicted average annual SPB population data can be used. Although the insects may follow a cyclic pattern, other factors (e.g., climate, parasites, predators, or disease) could delay or accelerate the average annual population flux. This theory of density dependence is the basis of the Turchin et al., (1991) Figure 33.2. The influence of net primary productivity (NPP) on oleoresin production is represented by an inverse hyperbolic function, and is expressed as a SPB population growth multiplication factor (NPPFAC). Maximum oleoresin production and the maximum reduction in the SPB population factor (NPP = 0.5) occurs under conditions of moderately limlted NPP. Extreme reductions or increases in NPP reduce oleoresin production and increases the SPB population factor (NPPFAC > 1.0). Under historic conditions, the ecosystem predicted moderately high rate of NPP and WASTRSFAC = 1.0. Both the Oregon State University (OSU) and United Kingdom Meteorological Office (UKMO) caused a decrease in NPP resultmg from a reduction in total leaf area and decrease in net carbon fixed per unit of leaf area.
affect between the average present and prior year's SPB population size, and they did not detect any correlation between climate change and the rate of SPB population change. However, they did not examine the relationship between climate and vegetative response. Although Turchin et al., ( 199 1) did not determine any cause for the cyclic nature of SPB populations, prior years' SPB population size were clearly related to the present year's population size.
Combining Factors in PnET-IIS
Predictions of average annual SPB populations were based on predicted changes in growing season WATSTRS, NPP PPPFAC), and measured or predicted prior years' average SPB population size (SPBPOP). Although WATSTRS and NPP affect the oleoresin production that result from changes in total carbohydrate production and carbon partitioning patterns, and thus, the environmental conditions for SPB colonization and reproduction. the SPBPOP determines the starting condition for future changes in average annual SPB populations. Turchin's theories on prior year's average SPB populations (SPBPOPl) controlling present-year average SPB population (SPBPOPO) were evenly weighted Lbith the present-year's WATSTRSFACO and NPPFACO to produce a relative prediction of the present-year's average SPB population (SPBPOPO) as shown:
Average southern pine beetle populations were also predicted using prior year's soil water stress (WATSTRSFAC I), NPP (NPPFACl), and average annual SPB population data (SPBPOPI) as follows:
Csing the second-year's prior WATSTRS (WATSTRSFACZ), NPP (NPPFAC2), and average annual SPBPOP size (SPBPOP2), is shown as:
Input Data
The PnET-IIS model uses constant, generalized, species-dependent process parameters (e.g.. light extinction coefficient, and optimum temperature for gross photosynthesis) (Table 33 .1) and site-specific soils and climate data. Soils series data were derived from a geographic information system (GUS)-based soils atlas compiled by the Soil Conservation Service (Marx, 1988) . The soil series data was hand-digitized from a paper source at a scale between 1:500,000 and 1: 1 ,SOO,OOO, depending on the state (Marx. 1988) . Soil information associated with each series includes soil water holding capacity (SWHC) to a depth of 102 cm, which is the only site-specific soils data used in our simulations. All other soils parameter values were held constant across all sites and years (Table 33 .1). The PnET-IIS model also requires four monthly climatic drivers, which are 1) minimum air temperature, 2) maximum air temperature, 3) precipitation, and 4) solar radiation. The Forest Health Atlas provided cooperator and first-order station data. which was originally obtained from the National Climatic Data Center (NCDC) (Marx, 1988) . Cooperator station data include average minimum and maximum monthly air temperature and total monthly precipitation; first-order station records include relative humidity. Because these data had error rates between 5 and 40% (Marx, 1988) much of the data was removed before usage. After checking for accuracy, the database was interpolated on a 0.5" x 0.5" grid across the southern United States (Marx, 1988) . The gridded databases of minimum and maximum air temperature, relative humidity and precipitation were compiled into a single database and run through a program to calculate monthly solar radiation (Nikolov and Zeller, 1992 ) at a 0.5" x 0.5" grid. Solar radiation values were then combined with average monthly maximum and minimum air temperature and total monthly precipitation and put into PnET-IIS.
A Case Study in Southern Pine Beetle Population Size Modeling
As an example of SPB population modeling, we predicted average annual SPB population changes for Walker County in Texas. This county was selected because this is an area with a variable SPB population that has been summarized at a prior date (Turchin et al., 1991) . We obtained twelve years of climate, soils, and SPB population datai for this area, and then used PnET-IIS to predict how average SPB population size would change over time given changes in WATSTRS, NPP, and the prior year's average SPB population size.
Predicted changes in the average SPB population using the equation (1) were highly correlated with measured average SPB population (Rz = 0.76, P = 0.0004, n = 12). If predictions of present average SPB populations (SPBPOPO) were based on the prior year soil water stress (WATSTRSFACl), NPP (NPPFACl) factors, and the prior year's average SPB population (SPBPOPl), without any knowledge of present year soil water stress or NPP (equation 2), the correlation is weaker but still significant (Rz = 0.47, P = 0.016, n = 12). Environmental stress from the present and prior year are the controlling factors of present year average SPB populations, as no relationship (P > 0.05) was found with environmental stress ' SPBPOP data supplied by R.F. Billings. from the two prior years (WATSTRS2, NPPFAC2, and SPBPOP2), and the present y,ear's average SPB population (equation 3). The PnET-IIS model may predict SPB populations better than other SPB population models because climate and soils are linked to fomt a better measure of ecosystem function compared to using a coarse measure of such ecosystem stress as precipitation or days over 90 "F.
Projections of Climate Change Effects on Southern
Pine Beetle Populations ln addition to predicting present-year average SPB populations, PnET-IIS could also be used to predict how climate change may affect future SPB populations, General circulation models (GCMs) estimate a 3 to 7 "C increase in annual air temperature by the year 2050 across the southern United States (Cooter et al., 1993) . Although most of the major GCM scenarios predict a total annual precipitation change of < lo%, the timing of the precipitation could be markedly altered from historic patterns (Cooter et al., 1993) . These changes could significantly influence the severity and frequency of SPB outbreaks. Such models as PnET-IIS could be used to predict changes in future SPB populations given present-day climate or future climate change scenarios. Two climate change scenarios were developed using historic climate databases with two GCMs. The GCMs from both Oregon State University (OSU) (Schlesinger and Zhao, 1989) and United Kingdom Meteorological Offtce (UKMO) (Mitchell, 1989) were selected because of their common application and range of climate change predictions. AI1 of the GCMs predict variation in monthly temperature and precipitation, based on a doubling of atmospheric carbon dioxide (CO,) by 2050 (Cooter et al., 1993) . Grid data from each of the two GCMs monthly climate change databases were added to historic (from 1950 to 1985) average monthly minimum and maximum air temperature or were multiplied by historic monthly precipitation to produce thirty-five years of climate change scenario data. The predictions by GCMs of precipitation and air temperature under a doubled CO, environment vary widely. Across the southern United States, the OSU GCM consistently predicted smaller increases ( + 3 "C) in average annual air temperature compared to the UKMO GCM ( + 7 "C). The OSU GCM predicted above-average precipitation in the late sumtner and fall, and below historic average levels of precipitation in the late winter and spring. The OSU GCM also predicted that total annual precipitation would decrease in the central portion of the South and increase along the Atlantic coast although region-wide, average annual precipitation would increase by 3% compared to historic total annual precipitation. The UKMO GCM predicted that regional precipitation would be greater than historic amounts during the spring and less during the summer and fall. Average annual precipitation would decrease in the central and southwestern portion of the region and increase along the southern Atlantic coast, and total annual precipitation would decrease by 1% region-wide when compared to historic levels.
Climate Change Scenario Effects on Net Primary Productivity
When PnET-IIS was run with the two climate change scenarios. predicted NPP was reduced across most of the southern United States (except in some highelevation, mountainous areas) but the severity of the reductions were dependent on the GCM applied. Using the OSU GCM scenario, PnET-IIS predicted a reduction in growth across most of the southern United States, but these growth reductions were generally not severe enough to cause tree death or large reductions in species range. The PnET-IIS model predicted that approximately 2% of the present loblolly pine range would be lost across the southern United States if the OSU GCM scenario occurred, and that NPP would generally decrease across the region but could increase in the cooler mountain areas (Figure 33 .3b) compared to historic rates on NPP (Figure 33.3a) .
In the UKMO GCM scenario, predicted NPP would be reduced by 100% of historic NPP across most of the southcentral and southwestern portions of the region including most of Florida, Georgia, Alabama, Mississippi, Louisiana, and Texas (Figure 33.3c) , suggesting that the climate in these states would no longer be suitable for growing loblolly pine. The UKMO GCM predicted less severe reductions in NPP for the northern and eastern portions of the region ( Figure  33 .3c), because areas had historically cooler air temperatures and high rates of precipitation. Average regional NPP was reduced by 46% and the range of Ioblolly pine was reduced by 42% when the UKMO GCM scenario was applied to the model (Figure 33 .3~).
Climate Change Scenario Effects on Soil Water Stress
Because drainage is equal to precipitation-ET, and ET and NPP are functions of leaf area and temperature, the pattern of drainage is similar to NPP. Using the OSU GCM, predicted WATSTRS increased in the central and northcentral areas, and decreased across the southern and eastern portions of the region ( Figure  33 .4b), compared to historic WATSTRS (Figure 33.4a) . The scenario from OSU also predicted that average annual WATSTRS would decrease by 22% across the region (Figure 33.4) . Compared to the OSU GCM scenario, the UKMO GCM scenario caused a larger deviation in predicted ecosystem WATSTRS. In areas of mortality, predicted ET was zero, drainage was equal to precipitation, and WATSTRS was a function of precipitation. The UKMO scenario predicted decreased WATSTRS throughout the region, except along the cooler Appalachian Mountains where WATSTRS would increase (Figure 33 .4~). Compared to historic WATSTRS, the UKMO scenario average annual WATSTRS decreased by 56% across the region. If only areas where loblolly pine NPP > 0 are included, WATSTRS decreased by only 27% compared to historic levels. The size of these decreases will vary with year, and extreme event years will probably have a much greater impact on forest mortality than long-term averages. To better understand the potential effects of climate change on average annual SPB populations, individual years and locations need to be examined.
Model Refinement
The present version of the model only predicts SPB populations at an annual time step. Because PnET-IIS predicts water use and productivity at monthly intervals, future versions of the model could have increased sensitivity for predicting SPB populations if a finer temporal resolution were used. Reeve et al., (1995) noted that in the southeastern United States, pine trees grow very rapidly in the spring and early summer and vertical resin ducts are absent or rare (earlywood growth). By midsummer, tree growth generally slows resulting from soil-water deficits and the latewood formed typically contains many resin ducts. The timing of the transition from earlywood to latewood formation has significant impact on tree resistance to insect herbivores. Climatic patterns that protract the length of earlywood development favor SPB attack and, therefore, monthly predictions of WATSTRS and NPP may be better predictors of changing SPB populations compared to growing-season averages. Future SPB population models should attempt to incorporate monthly variation in forest processes into model predictions of SPB population change.
Conclusions
Initial efforts to correlate the present and prior year's soil water stress and NPP, and the prior year's average SPB population with present-year average annual SPB population have proven moderately successful. This success has lead to the attempt to predict how potential future climate change could affect future SPB populations. Depending on the climate scenario and site location. southern pine NPP and soil water stress could be significantly reduced across forested areas in the southern United States. Sites located in the warmest sections of the present pine range are more sensitive to changes in climate than are pine sites located in drier or cooler areas. These predictions also suggest that the region is much more susceptible to changes in air temperature than changes in precipitation. If our model predictions are correct, climate change would have serious potential socioeconomic implications for the southern U.S. timber industry. However, additional research is needed to assess the effects that other atmospheric changes (e.g., C02, O,, NO,, SO,), genetics, and species replacement may have on forest processes, before a complete assessment of climate change effects on forest productivity, water use and SPB populations can be made.
